Introduction

40
Photosynthesis in excess of respiration at the ocean surface leads to the production of organic 41 matter, part of which is transported to the deep ocean through sinking and mixing (Volk and photoinhibition (Dutkiewicz et al., 2001; Huisman and Weissing, 1994) where b X is light attenuation coefficient which is assumed to be independent of depth in the mixed 119 layer.
120
As a first approximation, we assume that $,>T@ is proportional to ! as in previous studies 121 (Dutkiewicz et al., 2001; Huisman and Weissing, 1994; Rivkin and Legendre, 2001; Sverdrup, 122 1953; White et al., 1991) : 123 $,>T@ G 5 cd × !%%%%%%>e@ 124 where 5 cd represents the intrinsic heterotrophic respiration rate which is assumed to be dependent
NCP integrated over the mixed layer (equation (8)) is a bell-shaped function of MLD as depicted 138 in the schematic diagram of Figure 1(B) . 139 2.2. Net community production and phytoplankton biomass concentration 140 As can be seen from equation (8) ) derivatives with respect to ! based on equations (8) and (10): The detailed derivation of equations (11-12) can be found in the supplementary material.
162
Substituting the inequality (13) into equation (12) gives (11)), IJK G N ‡ would maximize (!'>fg IJK@, which is 202 consistent with Huisman and Weissing (1994) . We note that in equation (14) (8-10)). Our comparison suggests that the approximation of equation (15) is accurate for the 217 estimation of (!' M under most conditions ( Figure 3 ).
218
We first need to derive the ! M which maximizes (!'>fg IJK@ (i.e., (!' M ) in equation (16).
219
! M can be solved from the first derivative of (!'>fg IJK@ in equation (16) with respect to !:
and therefore:
Equation (18) chlorophyll a concentration (see Figure S3 ), calculated based on the NOMAD dataset (Werdell 257 and Bailey, 2005). V Q X was set at 4.1 Einstein m -2 d -1 following Behrenfeld and Falkowski (1997) .
258
In our estimation of the upper bound on carbon export, we set ( Q to 1 in the (!' M calculations. Overall, we find that (!' M calculated using published parameters (Table 2) (Table 2) , we find that the best fit to our modeled upper bound is using P QRS and 5 cd of where high variability in export ratio maxima have also been reported (Cael and Follows, 2016) .
282
This may stem from uncertainties in observations, the differing relationship between ¡, P QRS , and 283 5 cd at high temperature, and/or violations of our assumptions (see caveats and limitations).
284
Several recent studies have explored the relationship of NCP to oceanic parameters based on 285 various statistical approaches (Cassar et al., 2015; Chang et al., 2014; Huang et al., 2012; Li and 286 Cassar, 2016; Li et al., 2016) . Our model can shed some light into the mechanisms driving some 287 of these patterns. To that end, we substitute equation (9) into equation (8):
Rearranging equation (22) other properties) on the slope and offset of equation (23). Equation (22) can also be reorganized to 297 assess how environmental conditions may impact the export ratio (=º):
is proportional to = >¤ ¢ ]3 ¢ @×£ . Equation (24) 
Spatial distribution of the upper bound on carbon export
We estimate the global distribution of the upper bound of carbon export using equation (19) 312 and climatological monthly MLD and PAR. In general, (!' M is high in low latitudes and low in 313 the North Atlantic and Antarctic Circumpolar Current (ACC) in the Southern Ocean ( Figure 5(A) ).
314
As expected, this spatial pattern is controlled by MLD (see Figure S1 ). Satellite-derived estimates 315 of NCP (Li and Cassar, 2016) are approximately 10% of global (!' M , reflecting the high degree 316 of nutrient limitation in the oceans. We also derive a global (!' M map using equation (21), and 317 find that the global (!' M estimate is very sensitive to the temperature dependence of 5 cd . For (19).
323
To estimate how close export production is to its upper bound, we calculate the ratio of export 324 production to (!' M (º ‡¥ ). Low º ‡¥ regimes represent ecosystems likely regulated by nutrient 325 availability (i.e., ecosystems that have not reached their full export potential based on MLD and 326 surface PAR). As expected, low latitude and subtropical regions have low º ‡¥ (Figure 5(B) ). High 327 º ‡¥ regimes represent ecosystems which have reached their full light potential, and are therefore 328 less likely to respond to nutrient addition because of light limitation (e.g., North Atlantic and ACC 329 ( Figure 5(B) )). In these regions, especially the subantarctic region, º ‡¥ is high in the spring ( Figure   330 5(C)) and decreases in the summer (Figure 5(D) ), suggesting that export production is likely co-331 limited by nutrient and light availability. This may in part explain the lower response to iron 332 fertilization in the subantarctic region where substantial increases in surface chlorophyll were only observed in regions with shallower mixed layers (Boyd et al., 2007; Boyd et al., 2000; de Baar et al., 2005) .
335
Also shown in Figure 5 are the biological pump efficiency and export ratio =º (panels 5E and 336 5F, respectively). These various proxies reflect different components of the biological pump.
337
Whereas º ‡¥ reflects the export potential based on current MLD and light availability, the 338 biological pump efficiency reflects the potential as derived from nutrient distribution in the oceans, intensity), including the "dilution recoupling hypothesis" or "disturbance recovery hypothesis" (Behrenfeld, 2010; Boss and Behrenfeld, 2010) and "critical turbulence 357 hypothesis" (Brody and Lozier, 2015; Huisman et al., 1999; Taylor and Ferrari, 2011) . In 358 the case of top-down control, any respiratory grazing loss not accounted for by our loss 359 term would behave as a system not reaching its full light potential (NCP*). Conversely, 360 any grazing loss associated with export (e.g., rapidly sinking fecal pellets and other Siegel et al., 2016) . See also the point below on mixing vs. mixed layer depth.
366
· Phytoplankton biomass concentration ( ! ) may vary with depth in the mixed layer, 367 especially for water columns experiencing varying degrees of turbulent mixing. In addition,
368
MLD is not always the best proxy of light availability with mixing layer in some cases 369 deviating from the mixed layer (Franks, 2015; Huisman et al., 1999) . The factors defining 370 the MLD also vary in different oceanic regions.
371
· For simplicity, we model the dependence of photosynthesis on irradiance assuming 372 Michaelis-Menten kinetics, which does not account for photoinhibition. More accurate 373 models can be found in other studies (Platt et al., 1980) . Due to optional absorption, b X 374 also varies with depth in the mixed layer. Additionally, the linear relationship between b X 375 and ! is influenced by CDOM, NAP, and other environmental factors (e.g., solar zenith 376 angle) (Gordon, 1989) .
377
· P QRS and 5 cd are influenced by environmental factors other than temperature, including 378 community structure (Chen and Laws, 2017), and may vary with depth within the mixed layer (Smetacek and Passow, 1990) . For these reasons, the equations relating P QRS and 5 cd 380 (i.e., ¦ ¥ and ' ¥ ) to temperature also carry significant uncertainties ( with regards to 5 cd .
389
· NCP may underestimate export production when accompanied by a decrease in the 390 inventory of organic matter in the mixed layer (see introduction and equation (2)).
391
· Our field observations are limited, mostly focusing on the spring and summer seasons, and these uncertainties are presented in other studies (Bender et al., 2011; Cassar et al., 2014; 395 Jonsson et al., 2013) .
396
· Finally, our study is only relevant to the mixed layer. It does not account for productivity 397 below the mixed layer, which can be important in some regions such as the subtropical 398 ocean. Microb. Ecol., 21, 99-118, 1991 . Gross primary production mmol C m -2 d -1 NPP(z)
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